Cytotoxic material ('prymnesin') excreted into the growth medium by the phytoflagellate Pymnesium parvum was partially purified and crudely characterized. It proved to be a highly potent haemolysin; its solubility properties and some other characteristics are those of a lipid, perhaps a saponin. The high haemolytic activity which characterized the toxin was often also accompanied by a high ichthyotoxic activity. A method of locating haemolytic activity in a paper chromatogram is described. Fish were killed not by prymnesin alone, but were rendered highly susceptible to prymnesin poisoning by a range of cofactors: streptomycin sulphate, calcium chloride, magnesium chloride. Ichthyotoxicity in cofactor + prymnesin systems conformed within a wide concentration range to the relationship: a x b = Q, where a is a prymnesin concentration, b a minimum concentration of cofactor which elicits a lethal effect in presence of a, and Q is a cofactor-specific constant. The recognition of this relationship has enabled a sensitive assay to be developed. Practical implications are discussed and the hypothesis proposed that prymnesin acts on fish by inducing a state of abnormal permeability of the gill. A 2-week-old culture was used in the proportion of 1 : l O for inoculum. Largescale preparations were made from samples of pond water (batch size about 50 1.) which had been transferred during prymnesium bloom to a tank which was maintained a t ambient temperature (10-2S0) under fluorescent lighting for 1 to 2 weeks, in which time the toxic activity reached its peak.
INTRODUCTION
Outbreaks of mass mortality among gill-breathing inhabitants of pond waters have been associated with blooms of a toxigenic phytoflagellate Prymnesium p a m m Carter (Otterstrtjm & Steeman-Nielsen, 1940 Yaxiv, 1955 Yaxiv, , 1958 Shilo & Rosenberger, 1960) . Severe losses are inflicted on the carp industry of Israel by this agent. The present communication describes a procedure for the recovery of stable and partially purified toxic material 'prymnesin' from the culture fluid of P. parvum cultures, describes some general properties of the preparation and discusses methods for its assay.
METHODS
Cultivation of Prymnesium parvum. Pure cultures were kindly made available to us by Mrs Mira Shilo. Strain no. 1 was originally isolated in Israel from fish ponds by Reich & Kahn (1954) and strain no. 2 by Droop (1954) in Scotland from supralittoral pools.
Pure cultures were made in a medium composed of 0.02 % (w/v) liver extract (Difco), 0002% (w/v) Bacto-tryptone (Difco) and 10% (w/v) sea water in distilled water in booml. conical glass flasks maintained under fluorescent lamps at 20O.
Preparation of samples for assay. Samples to be assayed were brought to pH 5-0 and to isotonic salt concentrations. Extracts of dry prymnesin preparations were prepared by either of the following methods. (a) Sample (about 2 mg.) was moistened with a drop of 0-1 ~-s o d i w n hydroxide and suspended in 10 ml. water. The suspension was cleared by centrifugation; the supernatant fluid was immediately brought to pH 3-8 with dilute hydrochloric acid, whilst the sediment was extracted again as before. The extracts were pooled, the pH adjusted and brought to a known total volume and to appropriate salt concentration. (b) Sample was stirred with successive portions of methanol until all the haemolytic activity had been taken into solution. Extracts in methanol were diluted at least l / l O O with buffered saline before assay.
S t u d r d amay q@m.
Since prymnesin often lost activity rapidly a t pH > 5 (see Results), assays were performed in acidified blood. As bovine erythrocytes withstand acid conditions better than do sheep erythrocytes, they were used in preference to the latter. The blood was taken into an equal volume of isotonic salt solution (0.078 a6-sodium chloride, O*Q42 M-sodium citrate, 0.118 M-glucose; pH 6-1) and stored a t 4'. Before assay, stored red cells were washed 3 times in the cold with 10 vol. of buffered saline (0.130 M-sodium chloride adjusted to pH 5-0 with 0.020 M-citrate). The assay system consisting of toxin with approximately 0 4 yo (v/v) bovine erythrocytes in buffered saline at pH 5-0 was incubated for 45 min. at 85 +0*5".
The degree (%) of haemolysis was determined colorimetrically, essentially as described by Collier (1951) . The values of optical density were respectively 840 and 190 (galvanometer units measured in a Klett galvanometer with filter 54) for 0 and 100% haemolysis. The decrease of optical density was closely proportional to the yo haemolysis at all values of the latter.
A unit of haernolytic activity was defined as that amount of prymnesin which effected 50% lysis of bovine erythrocytes in one ml. of standard assay system. This unit is equivalent to 1.3pg. digitonin. Figure 1 shows that in the range 0.8-1.2 units there was an almost linear relationship between concentration of haemolysin and % haemolysis. Titration within an accuracy of +7% generally required 30 units toxin in a solution a t a concentration of at least 3 units/mI.
Test of huemolytic activity on paper. Loci of haemolytic activity were detected in paper chromatograms by means of an erythrocyte spray (2 %, v/v, bovine erythrocytes in 0.187 M-sodium chloride +0-020 M-sodium phosphate; pH 6.8). This was applied to the vertically suspended paper from a horizontal direction, starting from the top and working downwards in such a way as to leave a dry area at the Toxicity of Prymnesium pamum 167 top of the paper strip while excess of fluid accumulated at the bottom. While the strip dried in air (10-20 min.), fluid fiowed through it in an upward direction. Whilst such a flow did not cause migration of erythrocytes, any haemoglobin released by haemolysis was moved by the current and formed a dark spot in the region above the haemolytic locus; a bleached area remained below the dark spot. Certain non-haemolytic hydrophobic substances caused the erythrocytes to aggregate with attendant whitening or darkening of the locus (Table 1) . However, as such changes were not accompanied by migration of haemoglobin, they were readily distinguished from a true haemolytic action. A reaction observed by Heftman & Hayden (1952) at sapogenin loci on paper is believed by us to have been of this non-specific kind and to have been interpreted erroneously as a sign of haemolytic activity. Stundard wsay @em. Ichthyotoxicity was measured on the basis of the ability of prymnesin to enhance the susceptibility of fish to the lethal action of streptomycin. Groups consisting of five fish were immersed in beakers at 20' into 20 ml. of solution containing prymnesin, sodium bicarbonate at 5 I~TM and streptomycin sulphate at 2.0 m (0.1 yo) in distilled de-ionized water. The solution was adjusted to pH 8.0 with NaOH and held within k0-2 pH units throughout the assay. The 'fish unit' of toxin was defined as that minimum amount of prymnesin/ml. which killed all five minnows present in 2 O m l . of standard solution containing streptomycin sulphate at pH8-0 during 8hr. at 20°. In the conditions of this assay, streptomycin sulphate alone or prymnesin alone did not kill any of the fish. The titrations of toxicity were reproducible within +lo%. A total of about 100 fish was g e n d l y used per titration.
Ichthyotoxifi prepardh. Except as otherwise indicated, prymnesin at stage Z of purification (see under Results) was used in experiments on ichthyotoxicity. Stock solutions (pH 4.0) in water were stored at 6O.
RESULTS
Supernatant fluids from pure c u l m s of Pqmwdum p a m m increased in toxicity during the first 2 weeks. Haemolytic titres reached 6-30 units/ml. and ichthyotoxic titres about 6 units/ml.
Pzlri,fication of toxic principles A pure culture (strain no. 1) of Prymwsium parwum with an activity of 16 haemolytic units/ml. a t 16 days was cleared by centrifugation (12,000 rev./dn. in a Sharples centrifuge) and the culture fluid brought to pH 10-11 with conc. sodium hydroxide, added with vigorous stirring. A flocculent precipitate, consisting mainly of magnesium hydroxide, was allowed to sediment (1 hr.), packed down by centrifugation and dissolved in N-hydrochloric acid (100 ml.). The solution (pH 2-3) was dialysed against 0-1 m-hydrochloric acid through cellophan a t 6' for 3 days. On freeze-drying the material remaining in the dialysis sac (dialysand) 140 mg.
of a fluffy, somewhat hygroscopic powder (Z) was obtained. About 50 % of the original haemolytic activity was recovered in this fraction. Its haemolytic and ichthyotoxic activity remained unchanged during prolonged storage (1 year a t -15' in an evacuated ampoule). Product Z was converted into a granular product (Y) by grinding under cold absolute acetone. Solution of this material in 50 ml.
methanol gave on evaporation under reduced pressure 12.5 mg. of a slightly yellow powder (X) having an activity of 4800 haemolytic units/mg. A large-scale operation conducted on a monoalgal rather than pure culture is summarized in Table 2 . Resolution of toxh in a propanol+water system. Product X was washed in absolute n-propanol (20 ml.) without loss of activity and then dispersed in npropanol+ water (90+10, v/v). About 11 yo (fraction Xa) of the total activity was takcn into solution by this solvent. The residue was dispersed in 30 ml. of n-propanol +water system (50 + 50, v/v), to afford a solution which was cleared by centrifugation and then concentrated under reduced pressure with successive additions of absolute n-propanol. On evaporation of the solvent, 7.4mg. of a light yellow powder (Xb) were recovered. This contained most of the original activity a t Toxicity of Prymnesium parvum 169 5600 haemolytic unitslmg., a value nearly eight times that found with digitonin in the standard assay conditions. Chromatographic resolution of toizin on cellulose. Suitable solvent systems applied on a paper sheet (Table 8 ) or on a cellulose column (Fig. 2) in 60 mg.) was applied in the aqueous phase of the solvent and developed in the organic phase. Successive 4.0 ml. fractions of effluent were examined for activity > 860 unitslml. by paper test. A fast-moving fraction (corresponding to X a in Table 2 ) represented 20% of the total activity put in the column; a slow-moving fraction (corresponding to X b in Table 2 ) represented 3 60 yo of the total activity J. Y m AND S. HESTE~IN applied to the column. The furfural test (Feigl, 1954) for carbohydrate in both these fiactions was positive. The minimum haemolytic activity which was detectable by the analytical procedure used is indicated in the figure by the broken horizontal line. A major (slow) component in product Z had the same R, value as the active compound found in the X b fraction described above. The R, value of the minor (fast) component of product Z corresponded to the active compound in the X a fraction.
Gemmal properties of toxin Some solubility properties of the prymnesin are given in Table 41 . Information about keeping qualities of this preparation, and on behaviour with precipitating agents and adsorbents as well as miscellaneous other features, is collected in Table 5 . * Activity in pyridine declined rapidly.
t e-systems = aqueous and organic phase of ethyl acetate + n-propanol+ water (8 + 2 + 3, v/v).
Prymnesin solutions (10-100 units/d.) in water showed a marked decrease in titre when kept for 60 min. a t 85'. When solutions which had been partially inactivated by such treatment were subsequently brought to pH4-0, their original activity was rapidly restored.
Re&ion of ichthyotoaic and haemolytic activities. Though the ratio of haemolytic activity to ichthyotoxic activity in a given preparation of prymnesin remained roughly constant throughout purification (Tables 2, 5), wide variations in ratio were encountered between different batches of toxin. Several preparations which exhibited high haemolytic activity indeed had no apparent ichthyotoxicity.
Observations on ichthgotoxkity of water aamples from pure CzcEtZcres and from ponds When toxic samples were dialysed through cellophan (72hr.; 6"; pHB-O), the separated dialysate and dialysand had no lethal effect on fish, but were again toxic when pooled.
Passage through a cation-exchange column (H+ form of Amberlite IRC50)
abolished the ichthyotoxicity of pond-water samples. On elution of the column with N-HC~, material was recovered which conferred toxicity on dialysand prepared from a toxic water sample. The active factor in the eluate was not destroyed by ashing. Dialysand of toxic water samples formed a toxic system 
w
Values denoted by bold figures designate solutions that were tested also as to ichthyotoxic activity. In all these cases, ratio of haemolytic to ichthyotoxic activity was found not to have been altered significantly by the treatment in question.
a Absence of precipitate formation is indicated by asterisk. XI The precipitate was soluble in benzene. The dialysate contained no activity. Methanol served as eluent.
One ml. gel suspension (prepared according to Singer & Kearney, 1950 ) was added to 10 ml.
Precipitate, consisting mostly of Mg(OH),, was dissolved at pH 2 (adjusted with HCl) and * The solid, being of low specific p v i t y , floated when the suspension was centrifhged; it was @ Material in solution in the aqueous and in the organic phase of the solvent system was inactive. lo The precipitate was mllected at the chloroform-water boundary and dissolved in water after alkali treatment.
Precipitate formed with 1 yo reagent was not visibly dissolved and failed to release any activity into either methanol or 0.01 aa-NaOH in water. Increase of the concentration of reagent by several fold failed to elicit any further precipitation.
1s After removal of this precipitate, increase of the ether concentration to 2 vol. gave no further precipitate, but at 8 vol. a second precipitate formed with attendant dbappearance of all activity from solution. The activity recovered on solution of the second precipitate into methanol re- c-system = brganic p h of ethyl acetate + n-propanol+ water (8 + 2 + 8, v/v).
when it was mixed with 10 ma6-calcium chloride, 10 mna-magnesium chloride or 2 mna-streptomycin sulphate. I n absence of dialysand the same solutions were innocuous to fish. Chlorides of monovalent cations (Na, K) a t 20 m M were not toxic to the fish either in the presence or absence of dialysand. Similar results were also found when dialysed centrifugates from pure cultures of Prymlzesium parvum were used for these experiments in the place of the pond-water dialysands.
Eflect of pymlzesin 012 susceptibility of fish to poisoning by various compmruh
Toxicities of various inorganic salts and of streptomycin sulphate in the presence and absence of prymnesin are compared in Table 6 .
The manner in which LDIOO of selected compounds varied with the prymnesin concentration is shown by Fig. 8 . These data fit a simple relationship: a x b = Q, where a is prymnesin concentration, b is the minimum concentration of cofactor which elicits a lethal effect in the presence of a, and Q is a cofactor-specific constant whose value defines the LD 100 of the cofactor for systems in which prymnesin is at unit concentration.
Cofactors all had practically the same LDlOO values when measured in absence of prymnesin on prymnesin-pretreated minnows as when measured in the presence of prymnesin (see Table 7 ). The time lapse between the beginning of exposure to cofactor and the onset of death greatly exceeded the duration of the previous immersion of the fish in the prymnesin solution. This implies that the survival times of fish in the cofactor fprymnesin systems probably depended on the time required for the action of cofactor on the prymnesin-sensitized fish, rather than on the time during which the sensitization by prymnesin was accomplished. The LDlOO value of prymnesin in the standard assay system was doubled when a solution of prymnesin (20 unitslml.) was held for 6 hr. a t room temperature a t about pH 10 before the test was carried out. The solution, thus partially inactivated, was rapidly restored to its original titre by subsequent incubation a t pH 4.0. Thus there appeared to be a t least a qualitative resemblance between the effects of successive exposure to alkali and acid on ichthyotoxicity and haemolytic activity, respectively .
To learn whether plant saponins require cofactor for the manifestation of the lethal effect on fish, methanol-soluble components of a commercial saponin pre- 
DISCUSSION
A simple diagnostic procedure to indicate whether pryrnnesin was the causal agent in any particular outbreak of mass mortality among fish has been sought. Some properties of prymnesin which are disclosed in this paper might be useful in this connexion. They are in particular the non-dialysability of this agent, its rather unusual solubility pattern and its dependence for action after dialysis on an added cofactor. Solubility in methanol and in n-propanol water solvent systems distinguishes the toxic material in prymnesin from simple proteins and polysaccharides. The observed properties are consistent with the view that the toxic material is lipid and in which there are present both non-polar and polar moieties, both of which contribute significantly to the over-all behaviour. It has also been noted that the ratio of haemolytic to ichthyotoxic titre in a preparation made from a given starting material tends to maintain nearly a constant value throughout successive stages in purification, but that a wide variation in the activity ratio can be observed as between preparations made from different batches of culture fluid. The results are consistent with the view that a family of compounds possessing a similar basal structure are concerned in the cytotoxic activities of Prynmsium p u m m . The homogeneity of even the most potent of our preparations has not been established. Several of the observed properties of the prymnesins (ichthyotoxicity and haemolytic activity, non-dialysability against water, general solubility features, formation of insoluble inactive complexes with certain alcohols, the capacity to undergo precipitation by magnesium hydroxide and ammonium sulphate) are also exhibited by saponins (see Kofler & Wolkenberg, 1925;  Windaus, 1910; Windaus & Weinhold, 1982) . But saponin does not require a cofactor.
Though prymnesin in aqueous solution exhibits the behaviour of a colloid, fish immersed in such a solution are promptly sensitized. The rapidity of the action suggests that the immediate target is an exposed organ, probably the gill. Attention has been directed to the fact that the preparations which manifest ichthyotoxicity also have haemolytic activity. Both cation and anion in a salt +prymnesin system affect the toxicity. Moreover, prymnesin causes fish to become susceptible to poisoning by such widely different compounds as calcium chloride and streptomycin sulphate. To account for these observations the hypothesis can be considered that
